With the single exception of mercury, all metals in the atmosphere rue associated with particles. The lungs are subsequently exposed to metals present in air pollution particles on a continuous basis. Because metal exposure can be associated with an oxidative stress, a mechanism that isolates the metal in a chemically less reactive form would be of benefit. We tested the hypothesis that the concentrations of both lactoferrin and ferritin in the rat lung increase after exposure to a metal-rich emission source air pollution particle. Using immunohistochemistry, we characterized changes in the concentrations of ferritin and lactoferrin after exposure of rats to an emission source air pollution particle. Lavage metal concentrations, measured by inductively coupled plasma emission spectroscopy, increased 4 hr after exposure to an oil fly ash. After exposure to this metal-rich emission source air pollution particle, femtin concentrations in the lower respiratory tract increased. Comparable to the iron-storage protein, concentrations of both lactoferrin and transferrin were elevated after exposure. The greatest concentrations of ferritin, lactoferrin, and transferrin occurred at approximately 24 hr after exposure to the air pollution particle. Levels then decreased, and by 96 hr after instillation of the oil fly ash. ferritin, lactoferrin, and transferrin were not elevated relative to those animals exposed to saline. We conclude that, in response to an emission source air pollution particle with high concentrations of metals, there is an increase in ferritin, lactoferrin, and transferrin concentrations in the lungs of the host. The function of these increases in iron-binding proteins may be to control the oxidative stress associated with the exposure to metals.
INTRODUCTION
The atmosphere is an' important vehicle for the movement and redistribution of metals (26) . With the single exception of mercury, all metals in the atmosphere are associated with particles (26). The lungs are subsequently exposed on a continuous basis to metals included in air pollution particles. Iron is the metal in greatest abundance in all ambient air pollution particles.
Metal exposure can be associated with an oxidative stress (27) . Such production of oxidants by metals is a defined mechanism of tissue injury after exposure to a number of diverse agents. It would therefore be of benefit to isolate the metal in a chemically less reactive form. The intracellular storage of iron by macrophages can limit the potential for the generation of free radicals and cellular injury resulting from exposure to an iron chelate (20) . Ferritin is considered a safe form-of storage for iron because metal sequestered in this protein infrequently participates in electron exchange and oxidant generation (20) . The isolation of iron within intracellular ferritin effectively confers an antioxidant function to ferritin and, in certain cells, provides cytoprotection in vitro against oxidants (3, lo) . Ferritin expression is controlled by a posttranscriptional mechanism and exposure to iron increases the translation of this protein (24).
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Although numerous iron xhelates that present an oxi-'dative stress to the cell are extracellular (e.g., silica), ferritin is produced intracellularly. Therefore, the sequestration and detoxification of iron by femtin requires that the iron be transported across the cell membrane. To transfer iron across a membrane, animal cells most frequently use the glycoprotein transfenin (1, 29). When iron levels are high, a posttranscriptional control of protein expression can function to decrease the synthesis of transfemn receptor (TfR). Consequently, specific cells rapidly downregulate TfR expression with exposure to iron salts whereas metal chelation leads to an increase in these surface receptors (7,23,3 1) . Transferrin-dependent transport of iron across the membrane is therefore unlikely to contribute to the sequestration of this metal by ferritin.
Lactofenin is a monomeric, cationic iron binding glycoprotein (molecular mass of 76.4 kDa) that, like transferrin, can transport this metal across the cell membrane (5, 18, 30) . After such transport, iron is sequestered in ferritin. In the respiratory tract, lactoferrin is synthesized by the serous cells of the bronchial epithelium (6) . The presence of lactofemn at sites of interaction between the cell and the external environment suggests a potential role in detoxification of iron chelates.
In this study, we used immunohistological techniques to test the hypothesis that the concentrations of both lactoferrin and femtin in the rat lung increase and that of transferrin decreases after exposure to a metal-rich emission source air pollution particle. The effect of this re-388 spOnse would be the transport and storage of the metal in a chemically less reactive form and therefore diminish the magnitude of the associated oxidative stress.
METHODS

Materials.
The air pollution particle used in this investigation was collected by Southern Research Institute (Birmingham, AL) using a Teflon-coated fiberglass filter downstream from the cyclone of a power plant in Florida that was burning a low sulfur number 6 residual oil (collection temperature = 250-300°C). This particle (average mass median aerodynamic diameter from 4 replicate samples = 3.60 2 0.80 pm) has been chemically characterized and has high concentrations of iron, nickel, and vanadium (35.5, 37.5, and 188.8 mg/g dust, respectively) (22) . An association between exposure to this emission source air pollution particle and an oxidative stress has also been confirmed both iii vitro (22) and iii vivo (14) .
Antibodies used included rabbit anti-ferritin (Dako, Carpinteria, CA), rabbit anti-lactofenin (Sigma, St. Louis, MO) and goat anti-transfenin (Sigma). These polyclonal antibodies are directed toward human antigens. All other reagents were from Sigma Co. unless otherwise specified.
Total Coiiceiitratioiis of Iron, Nickel, arid Vaiiadiiriii in Lavage Fluid. Sixty-day-old male Sprague-Dawley rats (Charles River Labs, Raleigh, NC) were housed in temperature-and humidity-controlled rooms and fed a standard diet (Rat Chow 5001, Ralston Purim, St. Louis, MO). Food and water were available ad libitum. After anesthesia with halothane (Aldrich, Milwaukee, WI), either saline or 500 pg of the oil fly ash in 0.5 ml saline was tracheally instilled. Between 4 and 96 hr after this exposure, rats were anesthetized with halothane, euthanatized by exsanguination, and tracheally lavaged. The volume of saline injected was determined from published allometric equations and equaled approximately 90% of the total lung capacity (35 mVkg body weight). Saline was withdrawn after a 3-sec pause, reinjected an additional 2 times with similar delays, and then stored on ice. After centrifugation (600 X g for 10 min) to remove cells, total concentrations of iron, nickel, and vanadium in the supernatants were measured using inductively coupled plasma emission spectroscopy (ICPES) (Model P40, Perkin Elmer, Norwalk, CT).
Slot-Blots for Aiiti-Traiisferriii and Anti-Lactoferriii Seiisitivity mid Specificity.
The sensitivity of the anti-ferritin antibody to rat ferritin has been previously tested (12). To define the selectivity of the anti-lactofemn and anti-transferrin antibodies used in immunohistochemical staining, rat lactoferrin and transferrin (1-1,000 ng) were vacuum slot-blotted onto 0.45 mm nitrocellulose (Schleicher and Schuell, Keene, NH) in a saline buffer containing 100 mhi Tris, pH 8.0. The blot was allowed to air dry, blocked with 5% powdered milk for 30 min, and incubated with a 1:2,000 dilution of either rabbit antihuman lactoferrin antibody or goat anti-human transferrin antibody in 5% dry milk overnight at 4°C. The blot was washed in phosphate-buffered saline (PBS)-Tween 0.05% and incubated with horseradish peroxidase-conjugated anti-goat or anti-rabbit IgG in 5% dry milk for 1 -hr. Bands were visualized on film using enhanced chemiluminescence reagents as per the manufacturer's instructions (Amersham Corp., Arlington Heights, IL). Band optical densities were quantified using a digital bioimaging system (Millipore, Bedford, MA).
Ii?ii?ii~iio}iistoc}iei?iist~ for Ferritiii, Lactoferriii, and Traiisferriii. After anesthesia with halothane, rats were tracheally instilled with either saline or 500 Fg of the oil fly ash in 0.5 ml saline. Between 4 and 96 hours after tracheal instillation of 500 pg oil fly ash in 0.5 ml, rats were anesthetized and euthanatized, and the lungs were fixed at inflation with 10% formaline (35 mVkg body weight) (Fisher, Pittsburgh, PA). Tissue sections were cut at 4 pm, floated on a protein-free water bath, mounted on silane treated slides (Fisher, Raleigh, NC), and air dried overnight. The slides were heat fixed in a slide dryer (Shandon Lipshaw, Pittsburgh, PA) for 10 min and cooled to room temperature. Sections were then deparaffinized and hydrated to 95% alcohol (xylene for 10 min, absolute alcohol for 5 min, and 95% alcohol for 5 min). Endogenous peroxidase activity was blocked with H,O, in absolute methanol (30% hydrogen peroxide in 30 ml methanol) for 8 min. Slides were rinsed in 95% alcohol for 2 min, placed in deionized H,O, and washed in PBS. After treatment with Cyto Q Background Buster (Innovex Biosciences) for 10 min, slides were incubated with the primary antibody diluted in 1% bovine serum albumin for 45 min at 37°C in PBS at the following dilutions: anti-ferritin, 1: 100; anti-lactoferrin, 1: 100; and anti-transferrin, 1:75. Slides stained for ferritin and lactofemn were incubated with biotinylated linking antibody (Stat-Q Staining System, Innovex Biosciences) for 10 min at room temperature. The slides stained for transferrin were incubated with biotinylated rabbit anti-goat (Vector Laboratories, Burlingame, CA) for 20 min at 37°C. Slides were washed with PBS and peroxidase enzyme label (Stat-Q Staining System, Innovex Biosciences) was applied. After incubation for 10 min at room temperature and washes with PBS, tissue sections were developed with 3,3'-diaminobenzidine-tetrahydrochloride for 3 min at room temperature. Sections were counterstained with hematoxylin, dehydrated through alcohols, cleared in xylene, and coverslipped using a permanent mounting medium.
Traiisferriii Coiiceiitratioiis iii Lavage Fluid. Rats were tracheally instilled with either saline or 500 pg of the oil fly ash in 0.5 ml saline following anesthesia with halothane. Between 4 and 96 hr after this exposure, rats were anesthetized with halothane, euthanatized by exsanguination, and tracheally lavaged. After centrifugation (600 X g for 10 min) to remove cells, transferrin concentrations in the supernatants were measured using a commercially available immunoprecipitin analysis kit (INCSTAR Corp., Stillwater, MN). This assay was modified for use in the Cobas Fara 11 centrifugal spectrophotometer (Hoffman-LaRoche, Branchburg, NJ).
Statistics. Lavage metal and transferrin concentrations are expressed as mean & standard deviation. Four animals were used at each time point. Differences between multiple groups were evaluated employing analysis of variance (9). The post hoc test employed was SchCffe's. After anesthesia with halothane, either saline or 500 Fg of the oil fly ash in 0.5 ml saline was tracheally instilled. Animals were lavaged with saline-between 4 and 96 hr after exposure. Following centrifugation to remove cells, total iron was measured using ICPES. Relative to lavage nuid of rats instilled with saline, concentrations of metals were significantly (*) elevated only at 4 hr after exposure to the oil fly ash.
Two-tailed tests of significance were employed, significance was assumed at p < 0.05.
RESULTS
Although iron concentrations were measurable in the lavage fluid of unexposed animals, nickel and vanadium were not (Fig. 1 ). Lavage metal concentrations increased significantly 4 hr after exposure to the metal-rich air pollution particle (Fig. l) . However, at 24, 48, and 96 hr after exposure to the oil fly ash, the concentrations of the metals in the lavage fluid were below the limits of detection. The concentration of iron at 24, 48, and 96 hr after instillation of the particles was actually lower than that value of the unexposed rats.
The sensitivities of anti-human lactofemn and anti-human transfemn to rat lactofemn and transfenin were verified by slot-blot analysis ( Fig. 2A, B) . Each antibody recognized its respective antigen. However, the anti-transfemn antibody was not specific and reacted with rat transfemn and rat lactofemn (Fig. 2B) , which limited the value of the anti-transferrin antibody in demonstrating changes in the concentrations in the exposed tissues. Consequently, immunostaining for transfenin was used in unexposed rats only. Thus, transfemn concentrations in the lower respiratory tract after exposure to the particle had to be determined by measuring lavage concentrations using immunoprecipitin analysis.
Ferritin was present in both macrophages and epithelial cells in the distal respiratory system of unexposed rats (Fig. 3A) . Uptake of the antibody to fenitin was greater in airway epithelial cells than in alveolar epithelium. After exposure to the metal-rich oil fly ash, femtin concentrations in the lower respiratory tract increased (Fig. 3B, Proteins (1-1,000 ng) were incubated with anti-lactoferrin and anti-transferrin antibodies (1:1,000) . Both antibodies were sensitive in the detection of the respective transport protein, but transferrin antibody was not specific and reacted with lactoferrin and transferrin. C). Four hours after exposure, rhere was visible injury in the tissue with perivasclrlar edema but there was no influx of inflammatory cells (Fig. 3B ). At this rime, elevations in ferritin were conspicuous in the airway epithelium but were also apparent in alveolar macrophages and epithelium. Perivascular edema worsened at 24 hr after exposure to the particle, and there was a notable incursion of inflammatory cells (Fig. 3C) . These inflammafory cells stained for feritin as did the airway and alveolar epithelium. Endothelid cells never demonstrated any uptake of the ferritin antibody. Staining for the storage protein decreased ar both 48 ( Fig. 3Dj and 96 (Fig. 3E) 
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in the lung tissue between rats 96 h r after exposure to oil fly ash and unexposed rats.
Similar to ferritin, there were concentrations of lactoferrin present in rhe lower respiratory tract of unexposed animals (Fig. 4 ). This reactivity of tile antibod) corresponded to that of the ferririn antibody, with staining evident in the airway and alveolar epithelium and rnacrophages but not in the endothelium. Comparable to the ironstorage protein, lactoferrin concentrations increased after exposure to the residual oil fly ash (Fig. 4B, C) . Elevations in lactciferrin concentration appeared to resolve more rapidly relative to fen%in, and little increasz in the uptake of the antibody remained at 48 hr (Fig. 4D ) and 96 hr ( Fig.  4Ej aEter exposure to the air pollution particles.
Among the unexposed animals, the immunodetection associated with the antibody for transfemn was greater than that for lactofemn ( Fig. 5 ). All cells appeared to stain for transfemn. After exposure to the air pollution particles, the concentrations of transfenin in lavage fluid increased significantly (Fig. 6) . The greatest concentrations of transfemn were present 24 hr after exposure and diminished thereafter. At 96 hr after exposure to the particles, levels of transfenin were not significantly different from those of unexposed animals.
DISCUSSION
Following tracheal instillation of the oil fly ash, concentrations of iron, nickel, and vanadium werejncreased only at 4 hr after exposure. At 24,48, and 96 hr following instillation, concentrations were below the limits of detection for ICPES. Iron levels in exposed animals actually decreased below their concentration in unexposed animals. These decrements in metal concentrations seem inconsistent with the suggestion that lung injury, which persists between 24 and 96 hr after exposure to this kind of particle (22), can be mediated by metal-catalyzed oxidative stress. However, a similar paradox has been observed in adult respiratory distress syndrome (ARDS), a disease thought to involve oxidative stress (17) accompanied by reduced levels of iron (13). These decrements in the concentration of metals in the lower respiratory tract after exposure to both particles and with ARDS may reflect receptor-mediated metal transport from the alveolar space to an intracellular site by either lactoferrin or transfemn.
Levels of femtin were only transiently elevated by exposure to oil fly ash, decreasing to levels comparable to unexposed animals by 96 hr. This response suggests that the cells of the lower respiratory tract reacted with an increase in femtin expression and then restored metal homeostasis once the metal challenge was successfully resolved.
The detoxification of iron by ferritin requires that it be transported across the cell membrane. Lactofemn has a stability constant with iron that approximates and can bind other metal cations (8, 19, 25) . Analogous to femtin, the uptake of the lactofenin antibody by lung tissue increased between 4 and 24 hr after particle instillation but then diminished to levels approximately equivalent to those for the unexposed animals. Unlike the normal respiratory system where lactofemn is present predominantly in the airways, there was significant immunoreactivity by almost all cells, including inflammatory cells, airway epithelium, and alveolar epithelium. Although respiratory epithelial cells can express lactofemn after exposure to this particular particle (1 l), this staining supports only the presence of lactofenin and does not address its production by these cells. An incursion of neutrophils is a prominent feature of lung injury after instillation of this oil fly ash (22). The secondary granules of neutrophils contain abundant lactofemn and could be a source of this glycoprotein. Significant correlations of the concentration of lactoferrin with the number of neutrophils in an extracellular fluid have been established (4) .
Immunostaining for transfemn in unexposed animals was greater relative to that for lactofenin, supporting the universal requirement of all cells for iron transported by this glycoprotein. ZIZ vitro studies demonstrate that in respiratory epithelial cells, the 2 methods of iron transport respond in opposite ways to metal availability (1 1). which suggests separate functions of these 2 transport systems that may not overlap in the lung. Although trans- femn is utilized to meet nutritional requirements of the cell, lactoferrin transport can participate in the detoxification of iron and its catalyzed oxidative stress. However, similar to lactofenin immunostaining in the lower respiratory tract, transfemn concentrations in the lavage fluid increased after exposure to the oil fly ash. Rather than indicating an increased production of transferrin by either tory cells, this elevation may be the result of a permeability defect. After exposure to the air pollution particles, such a defect is evident in the lung tissue, with significant perivascular edema. Leakage of transfenin from the blood can then increase levels in the lower respiratory tract in contrast to lactofemn, whose concentrations in the lavage fluid and blood are equivalent (2, 28) . Elevations of transferrin in the lung are assumed to contribute to an antioxidant defense in other pulmonary injuries, including ARDS (21). These augmented concentrations of transfemn after injury of the lower respiratory tract may not reflect a pivotal role as an antioxidant. Thus, rather than representing an active response of the tissue, these elevated levels may reveal a passive transudation across the alveolar+apillary membrane.
We conclude that exposure to an emission source air pollution particle with high concentrations of metals results in increased ferritin, lactofemn, and transfenin concentrations in the lungs. The function of these increases in iron-binding proteins may be to control the oxidative stress associated with the exposure to metals. States Environmental Protection Agency, and approved for publication. Approval does not signify that the contents necessarily reflect the views and policies of the Agency nor does mention of trade names or commercial products constitute endorsement or recommendation for use.
